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Abstract 

We study the enhariQon mechanism for fractional D-branes in conifold and orbifold 
backgrounds and show how it can resolve the repulson singularity of these geometries. 
In particular we show that the consistency of the excision process requires that the 
interior space be not empty. In the orbifold case, we exploit the boundary state for- 
malism to obtain an explicit conformal description and emphasize the non trivial role 
of the volume of the internal manifold. 
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1 Introduction 

In the context of the gauge/gravity duality and to better understand the non-perturbative 
dualities between different string theories, a lot of effort has been recently devoted to the 
study of fractional D-branes on conifold and orbifold singularities. Indeed the introduction 
of fractional branes breaks conformal invariance and introduces RG flow , thus describing 
more "realistic" gauge theories [|, |, 0, |T^ . 

It is well known that we lack of an explicit description, in terms of two-dimensional con- 
formal field theory, of ordinary and fractional Dp-branes on a conifold background; therefore 
many techniques such as the boundary state formalism or the brane-probe computations, 
cannot be applied in this case. Obviously it is still possible to construct classical supergravity 
solutions, describing space-filling branes in such a background. However those solutions are 
singular [Q] at a certain "small" value of the radial coordinate of the cone (in the IR of the 
dual gauge theory). 

The appearance of naked singularities in the gravitational dual of non-conformal gauge 
theories with reduced supersymmetry is a rather common phenomenon. In the past year 
we learned that these naked singularities are potentially related to interesting IR dynamics 
of their dual gauge theories. Thus, understanding the physics of these singularities is an 
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important problem because it could teach us about non-perturbative effects in the gauge 
theory. 

From a supergravity point of view, we can think that, at the typically short distances 
where these singularities occur, some stringy mechanism comes into play, so that supergravity 
solutions cease to make sense. However in this paper we show that, rather surprisingly, pure 
supergravity tools let us to construct non-singular solutions also for these conifold spaces, 
with the same techniques used in for the case of a K3 background. We'll find that it's 
possible to have a well defined solution if the fractional branes, instead of being placed at 
the origin, form a composite shell, extending along some directions of the base of the cone, 
at a radius r > r^,, where is a small fixed radius we will determine in each case we will 
discuss. This is very similar to what happens in the enhangon mechanism ^. Indeed we 
think that also in the case of the conifold background an enhangon mechanism takes place. 
In this case the base of the cone at r = r* defines the enhangon locus and we argue that the 
fractional branes become massless there. 

We will show these results in the case of fractional Dj)-branes with p < 3. We will 
particularly emphasize the p = 3 case because of its relevance on the gauge theory side 
HH, 0, H, [n], |12| . This case has already been extensively studied from different perspectives: 
in 0, Klebanov and Tseytlin found a solution that exhibits a singularity in the IR. In 
a subsequent paper p[ Klebanov and Strassler, getting insights from the strong dynamic 
of the infrared gauge theory, argued that the naked singularity of the Klebanov-Tseytlin 
(KT) geometry should be resolved via the deformation of the conifold. In |TD| instead 



this procedure has been reversed, trying to make predictions on the field theory using string 
theory computations. It was suggested that a non-extremal generalization of the KT solution 
may have a regular Schwarzschild horizon "cloaking" the naked singularity. Non-extremal 
supergravity solutions translate in field theories at finite temperature |jl3[. In this case, the 
dual field theory interpretation of this has been then supposed to be the restoration of chiral 



symmetry at a finite temperature Tc [10 



From the supergravity point of view, we are then in a particular situation: at zero 
temperature the theory exhibits chiral symmetry breaking 0, while for temperature above 
Tc we have chiral symmetry restoration. So, the regular Schwarzschild horizon should appear 
only for some finite Hawking temperature. As noticed in |Ty, |r2|, one implication is that, 
at temperatures below Tc, there should be non-extremal generalizations of the Klebanov- 
Strassler solution which are free of horizons, just like the extremal solutions. Particularly, 
the analysis of ||10|, O, O suggests that gravitational backgrounds which exhibit regular 
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Schwarzschild horizon only above some critical non-extremality, should be quite generic for 
backgrounds dual to gauge theories which undergo finite temperature symmetry breaking 
phase transition. Nevertheless, they are unusual and, to our knowledge, new from the 
super gravity point of view. 

We argue that supergravity backgrounds of that type have to involve the enhangon mech- 
anism in non-extremal backgrounds, so that a combination of the enhangon shell effect and 
of the horizon of the black hole, determines the appearance of regular Schwarzschild horizons 
only in particular range of the parameters of the solutions. We leave anyway this issue for 
future investigation. 

We expect similar infrared phenomena to take place in the fractional DO-, D1-, and D2- 
brane cases. Easily generalizing the observation and the computation of ^ we can say 
that there are two natural ways of smoothing out the singularity at the apex of the conifold: 
one can substitute the apex by a (6 — p) non trivial cycle (deformation) or by a 2-cycle 
(resolution). We expect anyway that the resolution still displays a naked singularity (as it 
happens for the p = 3 case [^]), that can be excised by the enhangon mechanism. Indeed, as 
pointed out in for the p = 3 case, the source of the singularity can be traced back to the 
infinite energy of the -Fe-p (magnetic) field. At all radii there are M units of fiux of -Fe-p 
along the (6 —p) cycle, and when that cycle shrinks to zero size, this causes -F|_p to diverge. 
Since resolution does not affect the (6 — p)-cycle, we can think naively that, if we resolve 
the conifold, the solution remains singular. However the enhangon mechanism prevents Fq_p 
from diverging, so it's possible, as we will show, to have a non-singular solution also in the 
case of resolution. Instead, deforming the conifold does mean exactly that the (6 — p) cycle 
does not shrink, so the singularity can be avoided (as it happens in the deformed conifold 
solution of p). 

In this paper we will analyze the enhangon mechanism on the conifold with the aim of 
checking if it's consistent with the physical expectations discussed above. We will perform 
this analysis using exclusively supergravity tools. However the enhangon mechanism in the 
presence of fractional branes occurs also in the case of orbifold backgrounds [Q, |^, |T5|, [1^ . 
These are more tractable examples since we have an exact stringy description of these geome- 
tries. We will then concentrate on those backgrounds, where we can compare the supergravity 
solutions with some new insights we can have from the boundary-state formalism. Thus, we 
will construct, in Appendix A, the boundary state appropriate to describe fractional branes. 

The analysis of how supergravity results perfectly match with stringy computations in 
the orbifold case, corroborates, in our opinion, the interpretation we propose also for conifold 
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backgrounds. In particular, in the orbifold case, we will see that the NS-NS twisted sector 
contributes to the definition of what has to be interpreted as the effective mass of a fractional 
Dp-brane. This interpretation will be supported by different calculations, involving the 
boundary-state techniques as well as the supergravity description of branes. From both 
these types of computations, we'll find that, as in the case of branes wrapped around K3 
Ijl], ^ , the volume of the internal manifold plays a fundamental role. In particular we will then 
show that when the volume reaches a critical value, the fractional branes become massless. 

Finally, we'll find that, in both conifold and orbifold backgrounds, in order to have a 
consistent enhangon mechanism, the shell of branes defining the enhangon locus is made up 
by fractional branes only and that the presence of some regular Dp-brane in the origin is 
necessary. 

2 The enhancon on the conifold 

Type IIA and type IIB fractional Dp-brane solutions in conifold backgrounds have been 
extensively studied in [@]. They are warped product of M^'^ fiat space-time directions and a 
Ricci fiat, (9 — p)-dimensional cone Cg-p. Since the brane are space filling, the warp-factor 
depends only on the radial coordinate of the cone. Because the cone is Ricci fiat, the base 
of the cone is an (8 — -dimensional Einstein manifold Xg-p with metric hij. It's assumed 
this Einstein manifold has a harmonic 2-form uj2, so that wrapping a.D{p + 2)-brane around 
the 2-cycle corresponding to uj2, and letting the remaining p + 1 dimensions fill M}'^, gives 
origin to a fractional Dp-brane. 

We concentrate now on the fractional Dp-branes, with p < 3. 
2.1 Fractional Dj?- branes, p < 3 

As a generic example and to see what it is meant by warped product we reproduce the DO 
fractional brane solution found in but our considerations will be easily generalizable for 



every p: 
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The non-zero R-R field strengths are: 



F2 = dtAdH-^ 

F4 = Q dtAdr AuLi2 (2) 



where F4 = F4 — Ci A H-^, Q gsM, M is the number of fractional Dp-branes and Qs is 
the string coupling constant. 

We want now to express, for more generality, the NS-NS two form field (-B2) and the warp 
factor H for p generic {p < 3): 
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Q UJ2 
p — 3 

P 

(3 -p)(10 -2p)ri 



ff(r) = - rsi 



where as usual p ~ gsN and is the number of ordinary Dp-branes. The warp factor has to 
satisfy the following equation of motion (it comes from that for the R-R field strength F2): 



dr\ dr ^ 'J r^-P ^ ' 

This is the Poisson equation for the if-potential. It has been integrated in with the 
boundary condition that H approaches zero as r — 00, so this solution is valid for small r 
(near-horizon limit) and consequently we are studying the gauge theory (according to the 
gauge/gravity dual principle) in the infrared. 

Note also that the r-dependence of the source term seems to indicate a spatial extension of 
the source in the transverse directions. Moreover, from the precise form of the dependence, 
it's possible to argue that it spreads over (4 — p) directions of the base of the cone. 
Moreover, as already pointed out by the authors of 0, such solutions possess a naked 
singularity at r = ro, in the IR. This singularity is of "repulson" type because before reaching 
it, the derivative of Gqo changes sign at > tq (where H'{r^) = 0) and consequently the 
gravitational force changes its sign. 

We want now study the possibility that an excision process takes place, as it has been 
shown to happen in in a different context. There, it has been studied this mechanism 
for branes wrapped around the K3 surface, but we think that also in the present case it 
happens something very similar, giving rise to the enhangon. 
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Then, in order to avoid the singularity, we can imagine that the Dp-branes are not in the 
origin, but they distribute on a surface at some r = rj > r*. For generic p < 3 we can try to 
calculate the stress-energy tensor of these source branes, interpreted as the discontinuity in 
the extrinsic curvature (we are making the calculation in the Einstein frame). Following 
we define unit normal vectors 

1 d 

n± = =F- 



■\/ G^j, Or 

The extrinsic curvature of the junction surface, for the two regions (r > and r < rj) is 

T^± 1 c o ^ -'- 9Gab 

2 ^ ' 2v^ dr 

The discontinuity in the extrinsic curvature is then defined as •jab = -^ab + ^ab- Finally 
the stress-energy tensor supported at the junction is simplyQ: 

Sab = (lAB - GabiS^ (5) 

where k, is the gravitational coupling constant. 

Thus, if we think that in the interior region (r < rj) the space is flat, with easy calculations 
we obtain: 



q 



Sij = 

According to the second line, we see that there is no stress in the directions transverse to 
the branes, as it has to be since the branes in consideration are BPS. 

From the first line we can argue that for = the constituent branes become massless. 
To get more information about this configuration we can now expand the result for large 
values of the incision radius r,. The coefficients of the metric components in the longitudinal 
directions (/i, v) can be interpreted as proportional to the effective tension of the brane. So 
we see that: 

ru) = = ^ (^zZlliEirii . ^ M + L\ (r) 



^Throughout this paper, the indices A, B run from to 9, /i and v denote the world-volume directions 
of the brane, while the indices i, j denote the transverse ones 
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We can notice that this expression seems to indicate a configuration that does not reproduce 
the behaviour of the source term in the equation of motion (^. 

Thus we now imagine a shghtly different configuration: we think that all the ordinary 
branes are in the origin and the fractional branes alone form a shell at r = rj. We can now 
repeat the computation of the stress-energy tensor for this configuration and we get always 
a vanishing contribution in the transverse directions but in the longitudinal ones we have 
the following result: 

rir.) ^ L (8) 

^ 2k^ N (10 - 2p) rt'" 

This result is now compatible with the source term which appear in (^). This expression for 
the effective tension is due to the presence of M fractional branes and it contains the small 
parameter M/N that is typical for these expansions. 
We get then the following solution: 

Hp{r) = hs{r) + e{r-ri)[hf{r)-hf{n)] (9) 

ij;(r) = h',{r) + e{r-n)h'^{r) 

Hpir) = h'^{r) + Q{r - ri)h'}ir) + 6ir - ri)h'jir) 

where ^ 



r^-P ' (j9-3)(10-2j9)rio-2p 

For the sake of clarity, we report here the modified ansatz and the equations of motion for 
the case of a DO fractional brane, but everything continues to be easily generalizable to other 
p: 

F2 = dtA dR-^ 

Q 9(r-rO 

^2 = T— ^^2 

p — 6 T'^ P 

p = ^-i Qe(r-r,) ^^ ^ 
rf(e*/2 * F4) = QS{r - Ti) 

diel'f' * F,) = g^e^l'H, A *h = -^e(r - r,) - ^'/^'sT^ ^^^^ 

V p — J fJ p 

With the new solutions all the singular terms (see in particular the last equation) fit perfectly. 
They are those which give rise to the junction conditions. One could also study the dilaton 
equation of motion to see it has a discontinuity at r = (see 0) but it is not relevant here. 
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Thus the scenario seems to be the following one. We have D(p + 2)-branes at r = that 
are wrapped around the 2-cycle which is Poincare dual to 102- According to the form of their 
effective tension, it seems these objects extend in (4 — p) of the directions of the base of the 
cone. Moreover, these have a non trivial coupling with the B2 field, that becomes a source 
for fractional Dp-branes potential for all r >ri (notice the form of the source term in (0)). 
This is anyway suggested also by the running of the fluxes: 

$ = / rf(et**F2) =p+(-^-|l-0,)e(r-r.) (11) 

1 

where 0* = ^ This behaviour seems indeed to indicate that the fractional branes are 

present for all r > ri and that, at fixed r, they extend in the (4 — p) directions of the base 
of the cone where the shell at r = rj spreads. 

In our discussion we have never fixed r^, but we found a lower bound for it: 



(7-p)(3-p)p 



where we argued the branes become tensionless. This is very reminiscent of the enhangon 
locus |1|, where we know the branes become effectively massless. We think indeed it is 
now working the same mechanism, that seems typical for fractional D-branes in various 
background [0, |T7|, In this case it would be natural to identify the enhangon radius 



with r=K. It would be nice to find some interpretation of this with the boundary states or other 
conformal techniques, but, as already emphasized in the introduction, we don't have these 
tools at our disposal in this case. So in the following section we apply the same techniques 
used in the present one to other backgrounds which do have a conformal description and 
we'll see how the supergravity computations match with the stringy ones. We'll get therefore 
convinced of the right interpretation of the supergravity results. 

Before that, we consider now the p = 3 case. This case is indeed particularly relevant in 
the context of the gauge-gravity duality and the formulae are slightly different from the 
other cases. 

2.2 Fractional D3-brane 

In the context of gauge/gravity duality the basic picture common to all RG problems is that 
the radial coordinate defines the RG scale of the field theory, hence the scale dependence of 
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the couplings may be read off from the radial dependence of the corresponding supergravity 
fields. Since the RG flows of couplings in physically relevant gauge theories are logarithmic, 
an important problem is to find gravity duals of logarithmic flows. Thus the importance 
of the case of the fractional D3-branes. Indeed the solution describing a collection of 
D3-branes and M fractional D3-branes on the conifold was constructed in (where the 
base of the cone is the T^'^ manifold), finding a logarithmic radial dependence of certain 
supergravity fields. 

The gauge dual of this background is an iV = 1 supersymmetric non-conformal gauge 
theory. Besides the conical case we are considering now, other supergravity solutions rep- 
resenting such configurations have been constructed p, |] also for the deformed conifold ^ 
and the resolved conifold [Q. The two solutions, for large values of the radial coordinate, 
(in the UV from the dual gauge theory perspective), coincide with the conifold one we ex- 
amine. However, the small-distance (IR) behaviour is different in each case. In particular, 
the conifold and the resolved conifold have naked singularities at finite values of the radial 
coordinate, while the deformed conifold solution is regular. 

Let us now perform the excision calculation for the conifold solution. We want to notice 
that also in the case of the resolved conifold the metric can be written, in term of a 
different radial variable p 0, in a way which is very similar to the standard conifold case 
(at least in the IR, where the solution exhibits its singularity). The excision mechanism can 
therefore be used to avoid the singularity also in that case. 
Now we illustrate it explicitly. 

The metric is a warped product 

ds^ = H{r)-^/^7]^^dx^dx'' + H{rY/\dr^ + r^hijdx'dx^) (12) 

and the equation of motion (or the Bianchi identity) for the self-dual field-strength reads 

dF5 = H3AF3 where F5 = dC^ + B2 A F^. (13) 
If we make the usual ansatz for fractional D3-branes 

= QUJ3 

F5 = d^xAdH-^ + *{d^xAdH-^) (14) 

Q 

= — dr A 002 
r 
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equation (O) becomes 



^r^Hj = ^. (15) 
r 

We can integrate it with the appropriate boundary condition to study the near-horizon hmit 
(IR dynamic of the dual gauge theory), and obtain: 

where i? is a scale of the same order of r^,. If we repeat for this case the excision calculation, 
with the usual procedure, we get a stress-energy tensor at the incision radius r^: 

s - ±(^_9!I±1g ) (17) 

2K^\2^r H{r) W 
S^, = 

where we have already considered the ordinary branes in the interior region of the shell and 
the fractional ones forming the shell. 

All the considerations we made for the other p continue to be valid. In particular, notice 
that the right expansion for (|I^) seems to be for r ^ R, (where i? is a scale such that 
R ^ r*g). We obtain (for M <^ N): 

V « (IS) 

2k^ N 4 ri 

This is again consistent with the equations of motion and it seems to suggest that the shell 
is located precisely at r*, the radius we argued has to be identified with the enhangon radius. 

We have already mentioned that the deformed conifold solution is regular. In that case 
the mechanism that removes the singularity is related to the breaking of the chiral symmetry 
in the dual SU{N) x SU {N + M) gauge theory. The chiral symmetry, which may be 
approximated by U{1) for large M, is broken to Z2 by the deformation of the conifold P]. 

In [|10[ a different mechanism for resolving the naked singularity was proposed. It was 
suggested that a non-extremal generalization of the solution found in may have a regular 
Schwarzschild horizon "cloaking" the naked singularity. The dual field theory interpretation 



of this would be the restoration of chiral symmetry at a finite temperature Tc fT^] ■ In [0] 



^also in this case is defined as H'{r^,) = 
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the right ansatz and the system of second order radial differential equations necessary to 
study such non-extremal solution have been constructed. Finally, in |T^, smooth solutions 
to this system have been found in a perturbation theory that is valid when the Hawking 
temperature of the horizon is very high. 

Clearly it would be very interesting to study this theory as a function of the temperature 
and to identify the phase transition at T = Tc- We argue that it's possible that the excision 
mechanism is valid for studying the physics of the enhangon at finite temperature, as it 
seems to happen in orbifold backgrounds [|l], |^, ^ . Notice indeed that this solution does not 
break chiral symmetry. Particularly, it would be interesting to investigate the possibility 
this mechanism is related to the non-extremal solution at T = Tc, where chiral symmetry 
is restored, but we leave the study of this possibility for future work. 
Let us now concentrate on the orbifold background. 



3 The enhangon on the orbifold 

3.1 Comparison with the conifold 

Now we want to examine the supergravity solutions for fractional Dp-branes in an orbifold 
background 

M^'^ X TV^s, (19) 
where is the four-dimensional torus. For this purpose we mainly refer to |T^, where the 



solutions have been written down explicitly for p = , 2 in the context of the IIA theory. 
We report here the solutions, integrating the equation for the warp factor with the boundary 
condition that H approaches zero as r ^ oo, as we did in the previous paragraph: 

e^ = , e''" = H^/^ 

H = (20) 
2r^-P 2 (27r) r6-2p ^ ' 

I = _±J^QrL 

Qp 



where 



2^/2MTpKorb 



(3-p)fi4-pVV2^ 
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M is the number of fractional branes, Korb = V^n/V^^'^, ^i-p is the area of a unit (4 — p) 
dimensional sphere, r is the radial coordinate in the (5 — p) -dimensional space transverse to 
the brane, cp is the six- dimensional dilaton, b is the twisted NS-NS scalar and rja are the four 
untwisted NS-NS scalars: 

Gaa = e^"" a = 6,... ,9 (21) 

and finally G is the ten dimensional metric in the string-frame. We don't report here explic- 
itly the form of the R-R twisted and untwisted potentials because they are not relevant in 
our discussion. 



As already pointed out in [0, this solution presents a naked singularity, that is of repulson 
type because it's located at tq < r*, (r^, is defined so that H'{r^) = 0). 
From what we know from the enhangon and from what we have learned in the conifold case, 
we are now naturally led to imagine that also in this case the fractional branes form a shell 
at r = Tj > r*. Analogously to the computation made in the previous paragraph, we can 
then calculate the stress energy tensor for this configuration at the junction surface. We get: 

Si, = 

The vanishing of the stress-energy in the transverse directions again indicates that the sys- 
tem is BPS and because the stress energy tensor in the longitudinal directions is proportional 
to H', it's again natural to argue that at the constituent branes become massless. The 
advantage we have in this case, it's that this interpretation is now strongly supported by a 
direct probe calculation (made in IT^). Indeed in the orbifold background we are consid- 
ering, we have a stringy description that enables us to construct the world-volume action 
describing the interaction of the D-brane with the fields of the spectrum of the theory. For 
the background (|19|), this has been written in [|17| and the part of interest for us (obtained 



expanding the DBI part of the world-volume action in the velocities and keeping only the 
lowest order terms), is: 



2Vk, 



orb 



We see that the interaction term of the brane with the NS-NS twisted field seems to add a 
contribution to the definition of the tension of the brane. 
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We can interpret it as if both the NS-NS sector (with a constant contribution) and the NS- 
NS twisted one (with an r-dependent term) contribute to the definition of the "running" 
tension of the brane. Then, it is easily shown [|T^] that the enhangon radius r^, defined as 
the radius where the running tension of the brane goes to zero, coincides with r*. 

Comforted by these results, we consider now the stress-energy tensor (^) and, as in the 
conifold case, we expand it for large rj. We find again a configuration not consistent with 
the equations of motion. 

So we can now imagine of making analogous considerations for a configuration in which 
we add ordinary Dp-branes in the origin (with N ^ M). We assume furthermore that the 
M fractional Dp branes alone form the composite shell. In this case, performing an excision 
calculation,we get: 



M i3-p)QoV 
2/«2 (27r)4a' r^"^ 



and this is consistent with the equations of motions. 

Then we notice that, in order to have a consistent enanghon mechanism, excision compu- 
tations tell us we have to insert ordinary branes in the interior region, both in the conifold 
and in the orbifold case. 

Moreover it seems again the branes smear in (4 — p) directions. Being the spacetime ([ToD six- 
dimensional, these directions are naturally interpreted as the angular space-time dimensions 
transverse to the brane. However it's interesting to note this is the same number (4 — p) 
that appears in the conifold case, where we have no this interpretation. 

Finally, we want to emphasize that this solution shares a particular feature with the 
enhangon solution found in that is the r-dependent compactification volume. 
Indeed, from ( PU[PT| ), we see that the volume of the orbifold, as measured in the string-frame, 
is: 



V{r) 



Vjje''" = VH{r) (24) 



where the factor 2 is typical for orbifold compactifications. We see it depends on r and that 
at r = Tg it takes the value: 

V{re) = (v^tt)^ (25) 
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Figure 1: The two-point diagram 



3.2 Effective mass and the twisted sectors 



We want now to use the description of fractional branes by means of the boundary state 
(see Appendix A). In this paragraph, for the sake of clarity, we'll consider branes that don't 
extend in the compact dimensions. The aim of this analysis is to extract information about 
the vanishing of the tension that seems to occur at a particular value of the space-time radial 
coordinate (r = re) and for the value of the compactification volume (p5|). 

To get information about the mass of a brane, it is sufficient to study the long-distance 
behavior of the p-brane solution. This can be obtained directly from the boundary state. 
Indeed, as shown in U9[, it is possible to derive the most singular term in k (the transverse 
impulse) of the classical solution by projecting the boundary state onto the level-one states 
with the closed string propagator inserted in between: 



J{k) = {0;0\V 



NS-NS 



{k;z,z)P\B) 



NS 



(26) 



where P is the closed string propagator, V^^'^^'^lk; z, z) is the vertex operator producing the 
level-one states and \B) is the boundary state (see Appendix A). The symmetric irreducible 
component of the current gives the long-distance behavior of the graviton, from which we 
can easily extract the (density of) mass M of the brane. Indeed, when saturated with the 
graviton polarization (/i^^), we expect it has the following form: 

Tr(/iJ) = - M ^ V;+i Tr(/i ■ L) 



where the longitudinal matrix L is the projector on the world- volume directions of the brane. 
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We can follow the same procedure for the fractional branes. The difference is that the 
normalization constant of the boundary state is now different in the NS-NS untwisted sector. 
We then obtain: 

Tr(/iJ) = - K+i Tr(/i-L), and then M = (27) 

But in the case of fractional branes we think this is not the end of the story. Indeed we 
have that, even if the linear coupling between the NS-NS twisted sector and the graviton is 
vanishing, this sector provides a two-point amplitude between the graviton and the NS-NS 
twisted scalar, which is different from zero (see figure |I]). This amplitude is given by 

(0; 0|y^^-^^ ^{k- ^2, -z^)V'''-''\k- ^1, -zr)P\B)^s. (28) 

The main point is that the NS-NS twisted sector, even if not linearly, couples to the graviton. 
This suggests it can participate in some way at the definition of mass, in agreement with 



the probe calculation. In the amplitude (|28|) has been calculated, obtaining: 

Aih, b) = -Nt,p Vp+i TT{h ■ L) b (29) 
where A^t,p is defined in appendix A to be: 

\/2T„ 



We can now extract from (^) the contribution (we call it Ai) of the NS-NS twisted sector 
to the (density of) mass of the brane. We argue indeed that (^) can be brought to the form: 

A{h, b) = gl.g2-M^ Vp+i Tr(/i ■ L). (30) 

We have then to identify gl and g2, (see figure |I|). At this purpose it's useful to note that 
this amplitude is different from zero because of the presence of the NS-NS twisted scalar in 
the closed string propagator. We can then identify gl with its linear coupling with the brane 
and g2 with the strength of the coupling of the graviton with two twisted NS-NS scalars. 



Thus we have WE\: 



gl = - V2Nt,p and g2 = k^ (31) 
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Moreover, it's easy to see from (^) that the field b, in the impulse-space, has the following 
form: 

kp) = -(V2NT,pKe)^ (32) 
Finally, from (^^0^), we argue that: 

M = Nt,p (33) 
If we then consider both the contributes (|27| - p3|) we get a total density of effective mass: 



M = -^-Ntp (34) 

It's now easy to see, from the definition of Tp and Nx^p (see appendix A), it vanishes precisely 
at the value (^Sf) of the internal volume. 

We can then conclude that the vanishing of the (effective) mass of a Dp-brane is strictly 
linked to the presence of twisted sectors and, particularly, to a precise value of the compact- 
ification volume. These ingredients are all encoded in the boundary state. In principle one 
could then expect to obtain this result by direct computations involving only branes and 
their description via the boundary state. The straightforward calculus we can make it's the 
tree-level closed string amplitude: 

{B\P\B) (35) 

We make this computation and comment it in the appendix A, where we also construct the 
generic boundary state describing fractional wrapped branes. 



4 Conclusions 

In this paper we have shown how the enhangon mechanism can resolve the repulson singu- 
larities both in conifold and orbifold backgrounds. 

In the case of the conifold there are no conformal techniques at our disposal but, uniquely 
by means of supergravity tools, we have shown how the enhangon mechanism seems to 
take place and resolve the singularities. We have then studied the enhangon mechanism by 
means of the same supergravity tools in the orbifold background, where we have in hand also 
conformal techniques. We have found a perfect matching between the two computations. 
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getting therefore persuaded of the correctness of the supergravity computations and of their 
interpretation in the case of the conifold. 

In the conifold background we have examined the solutions for Dp-branes with p < 3. 
We have shown how, for all those cases, the excision computation is consistent with the 
enhangon mechanism. We have paid particular attention to the case p = 3, because of his 
relevance for the dual gauge theory. In that case, this mechanism is good at avoiding the 
singularity also in the case of the resolved conifold and, particularly, we expect it to 
be good at describing the non extremal solutions at temperatures above chiral symmetry 
breaking temperature (Tc) in the gauge theory. We leave this issue for future investigation. 

In the orbifold background, we have emphasized the role of the twisted NS-NS sector in 
contributing to the definition of an effective mass for a fractional brane. We have shown 
how the vanishing of this effective mass is related to the volume of the internal manifold. 
This relation is supported in the Appendix by the computation of the three level closed 
string amplitude between two Dp-branes. This calculation is based on the open/closed 
string duality. We show that a convenient choice of the sign of the orbifold projection on 
the ground state of the open string leads to determine the value of the internal volume at 
which the brane becomes effectively massless. The opposite choice leads instead to suppose 
the existence of non-BPS "truncated" Dp-branes that are stable for particular values of their 
moduli. We make that calculation for generic wrapped branes. 

Finally, we have shown that, in both the conifold and orbifold backgrounds, consistency 
of the excision process requires that the interior space is non-empty. 
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A Construction of the boundary state for wrapped 
fractional branes 



We want to derive the structure and the normahzations of the boundary state in the orbifold 
background 



3l,5 



X TV^s (36) 



where Z2 is the reflection parity that changes the sign to the four coordinates of the torus T^. 
The Dp-brane is intended to have r + 1 longitudinal space-time directions and s that extend 
in the compact manifold {p = r + s). In an orbifold background like (|36D the boundary state 
has four different components which correspond to the (usual) NS-NS and R-R untwisted 



sectors and to the NS-NS and R-R twisted sectors lES, 22, E3i. 



In each sector of the theory we can construct the boundary state: 

\B, k, v) = e'' exp ( [y^-z^M^^r] + ^vYl [p-Arm] ] \B, k, (37) 

where / and m are integer or half-integer depending on the sector, k denotes the momentum 
of the ground state and 6* is a phase equal to tt in the untwisted R-R and twisted NS-NS 
sectors, to 37r/2 in the untwisted NS-NS sector and to in the twisted R-R sectors. The 
parameter rj = ±1 describes the two different spin structures ||2^, |2^, and the matrix S 
encodes the boundary conditions of the Dp-brane which we shall always take to be diagonal. 



For an exhaustive review on this subject see |21 



We omit always the ghost and superghost part of the boundary states, which are as in the 
usual case |2^, |2^ . Finally, we want to stress that in the two untwisted sectors, the ground 
state is in addition characterized by a winding number for each compact direction that 
it's tangential to the world-volume of the brane. 

In order to obtain a localized Dp-brane (say in j/ = 0), we have to take the Fourier transform 
of the above boundary state, where we integrate over the directions transverse to the brane. 
For the untwisted sectors we obtain: 

\B,y = 0,v) = 7^4^ n(E^'^') fdk'-^ e^'UB,k,v), (38) 

where with Ri we indicate the value of the internal radii of the dimensions where the brane 
extends, while with we refer to the transverse ones and, according to our discussion, this 
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localized bound state also contains a sum over the winding states. 
For the twisted sectors we get: 



(2vr; 



\B.y = Q,v) = j,^^ dk'-^e''^\B,k,v). (39) 



The invariance of the boundary state under the GSO and the orbifold projection always 
requires that the physical boundary state is a linear combination of the two states corre- 
sponding to ?7 = ±. In the conventions of [|^, ^ these linear combinations are of the 
form: 

\B)ns,u = 2(1-^'+)^-^''^ ~ \B,-)ns,u^ (40) 

\B)r,u = ^{\B,+)n,u + \B,-)r,u) (41) 

\B)ns,t = ■^(\B,+)ns,t + \B,—)ns,t^ (42) 

\B)ji^T = ^{\B,+)n,T + \B,-)r,t) (43) 

(44) 

A fractional Dp brane state can be written as: 

|Dp) = Nu,p {\B),,s,u ± \B)r,u) ± Nt,p (|5)^s,t ± l^)^,^) (45) 

Now we want to determine the constants Nt,u solving the open-closed consistency condi- 
tion. We have to compare the closed string cylinder diagram with the open string one-loop 
diagram. We report the operator structure of this comparison in ((0). . . (|5l[)), while for the 
normalizations we obtain: 



" V nr=7(2vri?. 

Nt,p = 2-^/2 (47r'a')^ (47) 



where 

and (/) is the self dual volume. 



T, = v^(47rV)^ 
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{NS NS + \e-^^^\NS NS +) = {NS NS - \e-^"^\NS NS -) (48) 

Ji 

{NS NS + \e^^^^\NS NS -) = {NS NS - \e-^^^\NS NS +) 

Ji 

{RR + \e-^^^\RR +) = {RR - \e-^^^\RR -) 
Ji 

{RR + \e-^"^\RR -) = {RR - |e^'^=|i?i? +) = 0, 
{NS NS; T + |e-'-^^ I A^^ NS; T +) = {NS NS; T - \e-^"^\NS NS; T -) (49) 

Tr^s(e-2*^°-<7), 



Vl/2- 

{NS NS;T + \e-^^^\NS NS;T -) = {NS NS;T - \e-^"^\NS NS;T +) 

= = -Tr^(e-2*^°-(?), 

{RR;T + \e-^"^\RR;T +) = {RR;T - \e-^"^\RR;T -) (50) 

Tr^5(e-'*^°-^7 



{RR;T + \e-^"^\RR;T -) = {RR;T - \e-^"^\RR;T +) 

= = -Tr^(e-2*^°.^.(-)^) (51) 



The definition of tlie function /j appearing here is as in |£T|. Notice that the identification 
of the twisted sectors is due to the relations ( ^91) and (0). Examining closely these relation, 
we see that this identification is very sensitive to the sign of the ^f-orbifold projector on the 
ground state of the open-string and, moreover, this sign can always be absorbed in the global 
normalization of the twisted sectors of the boundary state. This ambiguity is characteristic 
only of the Z2 orbifold. 

Now, we assume to make the opposite choice for the identification of the twisted sectors 
(on the closed side of the open-closed string duality we exchange the RT sector with the 
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NST one). Then the tree level closed string amplitude 



{B\P\B) (52) 

continues to be zero, as it has to be. However it happens something particular at the value 
(|25| ) of the internal volume: the contributions from the twisted and untwisted NS-NS sectors 
cancel between themselves. So, if we interpret the NS-NS-T sector as contributing to the 
definition of an effective mass for the brane, as argued in the paragraph (|3.2|) , we can say that 
at that particular value of the internal volume (p5|) the fractional branes become massless, 
and this has been shown to be consistent with the enhangon mechanism. 



The other choice of the sign, made frequently in the literature , led instead to suppose 
the existence of a non-BPS D(r, s)-truncated branes, (for s = r = you have the famous 
non-BPS D-particle, [BUI)) ^^at are stable for the value (P^D of the internal volume. 



We report here, for generic r and s, the calculation that determines the critical volume: 



JJ^exp(-aW;V2i? 

1=1 rii 



where q = e . Using the relations 



B\P\B) = cost 



I 

we get that this amplitude is zero for the following values of the radii: 



Ri 



'2a' 



(53) 



Note that this result is consistent with T-duality. 

We see that for s = we get precisely the value ( ^5]) for the critical volume and that it 
slightly changes for s 7^ 0. 



21 



References 



[1] C. V. Johnson, A. W. Peet and J. Polchinski, "Gauge theory and the excision of repulson 
singularities," Phys. Rev. D 61 (2000) 086001 ||hep-th/991lT6l|] . 



J. Polchinski, "N = 2 gauge-gravity duals," Int. J. Mod. Phys. A 16 (2001) 707 jhep^ 



th/0011193 



[2] C. P. Herzog and I. R. Klebanov, "Gravity duals of fractional branes in various dimen- 
sions," Phys. Rev. D 63 (2001) 126005 [|hep-th/0101020| . 



[3] C. V. Johnson, R. C. Myers, A. W. Peet and S. F. Ross, "The enhancon and the 
consistency of excision," [hep-th/0105077 . 

[4] C. V. Johnson and R. C. Myers, "The enhancon, black holes, and the second law," 
|hep-th/0105159 . 



[5] I. R. Klebanov and N. A. Nekrasov, "Gravity duals of fractional branes and logarithmic 
RG flow," Nucl. Phys. B 574 (2000) 263 ||hep-th/9911096f . 



L. A. Pando Zayas and A. A. Tseytlin, "3-branes on spaces with R x S**2 x S**3 
topology," Phys. Rev. D 63 (2001) 086006 ||hep-th/010104^] . 

J. M. Maldacena and C. Nunez, "Towards the large N limit of pure N = 1 super Yang 
Mills," Phys. Rev. Lett. 86 (2001) 588 ||hep-th/0008linT |. 

[6] A. Buchel and A. Frey, "Comments on supergravity dual of pure N=l super Yang Mills 
theory with unbroken chiral symmetry," |hep-th/0103022 . 



[7] I. R. Klebanov and A. A. Tseytlin, "Gravity duals of supersymmetric SU(N) x 
SU(N+M) gauge theories," Nucl. Phys. B 578 (2000) 123 ||hep-th/ 00021591] . 

[8] I. R. Klebanov and M. J. Strassler, "Supergravity and a confining gauge theory: Duality 
cascades and chiSB-resolution of naked singularities," JHEP 0008 (2000) 052 |Piep-| 
th/000719l . 



[9] L. A. Pando Zayas and A. A. Tseytlin, "3-branes on resolved conifold," JHEP 0011 
(2000) 028 ||hep-th/OOlOOgE| . 

[10] A. Buchel, "Finite temperature resolution of the Klebanov-Tseytlin singularity," Nucl. 
Phys. B 600 (2001) 219 l|hep-th/001lT46 |. 



22 



[11] A. Buchel, C. P. Herzog, I. R. Klebanov, L. Pando Zayas and A. A. Tseytlin, "Non- 
extremal gravity duals for fractional D3-branes on the conifold," JHEP 0104 (2001) 
033 [ |iep-th/0l02l05 |. 

[12] S. S. Gubser, C. P. Herzog, I. R. Klebanov and A. A. Tseytlin, "Restoration of chiral 
symmetry: A supergravity perspective," JHEP 0105 (2001) 028 ||hep-th/0102T7^ . 

[13] S. S. Gubser, I. R. Klebanov and A. W. Peet, "Entropy and Temperature of Black 
3-Branes," Phys. Rev. D 54 (1996) 3915 ||hep-th/9602135|] . 

E. Witten, "Anti-de Sitter space, thermal phase transition, and confinement in gauge 
theories," Adv. Theor. Math. Phys. 2 (1998) 505 [|hep-th/9803131 . 



[14] O. Aharony, "A note on the holographic interpretation of string theory backgrounds 
with varying flux," JHEP 0103 (2001) 012 ||hep-th/OlOlIITB| . 

N. Evans, C. V. Johnson and M. Petrini, "The enhancon and N = 2 gauge theory /gravity 
RG flows," JHEP 0010 (2000) 022 ||hep-th/0008081^ . 



[15] M. Bertolini, P. Di Vecchia, M. Frau, A. Lerda, R. Marotta and I. Pesando, "Fractional 
D-branes and their gauge duals," JHEP 0102 (2001) 014 ||hep-th/0011077[ . 



[16] M. Billo, L. Gallot and A. Liccardo, "Classical geometry and gauge duals for fractional 
branes on ALE orbifolds," |hep-th/ 01 05258 . 

M. Petrini, R. Russo and A. Zaffaroni, "N = 2 gauge theories and systems with fractional 
branes," |hep-th/0l040'2^ . 

M. Bertolini, P. Di Vecchia, M. Frau, A. Lerda and R. Marotta, "N = 2 gauge theories 
on systems of fractional D3/D7 branes," [hep-th/0107057 . 



M. Grana and J. Polchinski, "Gauge / gravity duals with holomorphic dilaton," Piep- 



th/0106014 . 



[17] M. Frau, A. Liccardo and R. Musto, "The geometry of fractional branes," Nucl. Phys. 
B 602 (2001) 39 ||hep-th/ 00 12035 1. 

[18] P. Merlatti and G. Sabella, "World volume action for fractional branes," Nucl. Phys. B 
602 (2001) 453 ||hep-th/00l2ig3[] . 

[19] P. Di Vecchia, M. Frau, L Pesando, S. Sciuto, A. Lerda and R. Russo, "Classical p- 
branes from boundary state," Nucl. Phys. B 507 (1997) 259 ||hep-th/9707068 . 



23 



[20] M. Billo, B. Craps and F. Roose, "Orbifold boundary states from Cardy's condition," 
||hep-th/00ll06q| . 



[21] P. Di Vecchia and A. Liccardo, "D branes in string theory. I," piep-tli/9912161 



P. Di Vecchia and A. Liccardo, "D-branes in string theory. II," ||hep-th / 99 1 2275| 1 . 

[22] M.R. Gaberdiel and J.B. Stefanski, Nucl. Phys. B578 (2000) 58, ||hep-th/99lOTUg |. 

[23] T. Takayanagi, "String creation and monodromy from fractional D-branes on ALE 
spaces," JHEP0002 (2000) 040, [|hep-th/9912157|| . 

[24] P. Di Vecchia, M. Frau, A. Lerda, I. Pesando, R. Russo and S. Sciuto, Nucl. Phys. B507 
(1997) 259-276, ||hep-th/ 97070681 ; 



P. Di Vecchia, M. Frau, A. Lerda and A. Liccardo, Nucl.Phys. B565 (2000) 397 jEep^ 
th/9906214|| . 



[25] D. E. Diaconescu, J. Gomis, JHEP 0010 (2000) 001, |hep-th/9906242 
[26] J. Polchinski, Y. Cai, Nucl. Phys. B296, 91 (1988). 

[27] C.G. Callan, C. Lovelace, C.R. Nappi, S.A. Yost, Nucl. Phys. B308, 221 (1988). 

M. Billo, P. Di Vecchia, M. Frau, A. Lerda, I. Pesando, R. Russo, S. Sciuto, Nucl. Phys. 
B526 (1998) 199, ||hep-th/9802088[ . 



[29] A. Sen, "Stable non-BPS bound states of BPS D-branes," JHEP 9808 (1998) 010 jE^ 
I th/98050T9[ 



M. R. Gaberdiel and A. Sen, "Non-supersymmetric D-brane configurations with Bose- 
Fermi degenerate open string spectrum," JHEP 9911 (1999) 008 ||hep-th/9908IM][ . 
M. Bertolini, P. Di Vecchia, M. Frau, A. Lerda, R. Marotta and R. Russo, "Is a classical 



description of stable non-BPS D-branes possible?," Nucl. Phys. B 590 (2000) 471 |Piep- 



rii 7(197 



M. R. Gaberdiel and B. J. Stefanski, "Dirichlet branes on orbifolds," Nucl. Phys. B 578 
(2000) 58 ||hep-th/9910109|] . 

[30] E. Eyras and S. Panda, "The spacetime life of a non-BPS D-particle," Nucl. Phys. B 
584 (2000) 251 ||hep-th/0003033|] . 

O. Bergman and M. R. Gaberdiel, "Stable non-BPS D-particles," Phys. Lett. B 441 
(1998) 133 ||hep-th/9806l55| . 



24 



